Large sulfur bacteria of the genus Achromatium are exceptional among Bacteria and Archaea as they can accumulate high amounts of internal calcite. Although known for more than 100 years, they remain uncultured, and only freshwater populations have been studied so far. Here we investigate a marine population of calcite-accumulating bacteria that is primarily found at the sediment surface of tide pools in a salt marsh, where high sulfide concentrations meet oversaturated oxygen concentrations during the day. Dynamic sulfur cycling by phototrophic sulfide-oxidizing and heterotrophic sulfate-reducing bacteria co-occurring in these sediments creates a highly sulfidic environment that we propose induces behavioral differences in the Achromatium population compared with reported migration patterns in a low-sulfide environment. Fluctuating intracellular calcium/sulfur ratios at different depths and times of day indicate a biochemical reaction of the salt marsh Achromatium to diurnal changes in sedimentary redox conditions. We correlate this calcite dynamic with new evidence regarding its formation/mobilization and suggest general implications as well as a possible biological function of calcite accumulation in large bacteria in the sediment environment that is governed by gradients. Finally, we propose a new taxonomic classification of the salt marsh Achromatium based on their adaptation to a significantly different habitat than their freshwater relatives, as indicated by their differential behavior as well as phylogenetic distance on 16S ribosomal RNA gene level. In future studies, whole-genome characterization and additional ecophysiological factors could further support the distinctive position of salt marsh Achromatium.
Introduction
Large sulfur bacteria of the genus Achromatium constitute the sole genus in the family Achromatiaceae, and were first discovered in 1892 in a freshwater dredging pond in Germany (Schewiakoff, 1892) . Their most conspicuous characteristic is the accumulation of numerous large inclusions filling the majority of the cell that were first described as calcium oxalate, giving the type species Achromatium oxaliferum its name, but which were later recognized as colloidal calcite (West and Griffiths, 1913; Bersa, 1920; Head et al., 1996) . Recently, cyanobacteria (Gloeobacterales) were found to form amorphous calcium-magnesium-strontium-barium carbonate inclusions (Couradeau et al., 2012) ; however, the massive accumulation of CaCO 3 in Achromatium is still a unique peculiarity in the microbial world (Head et al., 2000; Gray and Head, 2014) . The biological function of internal calcite is under investigation, and hypotheses include its usage as buffer, a source of CO 2 or a mechanism of buoyancy regulation (Gray, 2006 , reviewed in Head et al., 2000 .
Calcite-accumulating Achromatium spp. have been detected in freshwater and brackish sediments (West and Griffiths, 1909; Nadson, 1913; Kolkwitz, 1918; Bersa, 1926; Devide, 1952; de Boer et al., 1971; Head et al., 1996; Glöckner et al., 1999; Gray et al., 1999b ) . The rod-shaped cells range in size from 9 × 15 to 35 × 95 μm, and are motile by slow jerky rolling (Schewiakoff, 1892; Van Niel, 1948; Babenzien, 1991) . Although it was hypothesized that they follow the oxycline (de Boer et al., 1971; Gray et al., 1997) , most cells remain in the microxic/anoxic layers of the sediments, suggesting a microaerophilic or anaerobic metabolism (Babenzien and Sass, 1996; Head et al., 1996; Gray et al., 1997) . Achromatium remains uncultured, and physiological studies are limited to field studies and microcosm experiments (Gray and Head, 2014) . Achromatium influences the benthic sulfur cycle by storing internal sulfur from hydrogen sulfide, and by producing sulfate from stored sulfur (Gray et al., 1999a) . Each of these partial reactions supports a lithotrophic energy metabolism, and the presence of both suggests a true lithotrophic lifestyle in Achromatium (West and Griffiths, 1913; Gray et al., 1997 Gray et al., , 1999a . Achromatium can incorporate organic and inorganic carbon compounds; certain subpopulations fix bicarbonate into biomass whereas others merely deposit it as calcite (Gray et al., 1999a) . A strictly lithoautotrophic metabolism remains to be verified (Gray and Head, 1999; Gray et al., 1999a; Head et al., 2000) . Alternative electron acceptors to oxygen, such as nitrate and sulfur, have been suggested (Babenzien, 1991; Babenzien and Sass, 1996; Head et al., 2000; Gray et al., 2004) .
Two calcite-accumulating species are currently recognized and phylogenetically represented, A. oxaliferum (Schewiakoff, 1892; Head et al., 1996) and 'Candidatus A. minus' (Glöckner et al., 1999) . A third species, Achromatium volutans, is not phylogenetically characterized, and was described as marine sulfur-containing cells without calcite (Hinze, 1903; Nadson, 1913 Nadson, , 1914 Kolkwitz, 1918; Skuja, 1948; Van Niel, 1948) . Cells matching this morphology were recently phylogenetically classified as members of the Beggiatoaceae (Schulz et al., 1999; Salman et al., 2011 Salman et al., , 2013 , leading to the family Achromatiaceae now exclusively containing members that deposit intracellular calcite (Gray and Head, 2014) .
One of the few marine sites where calciteaccumulating Achromatium were detected is the Sippewissett Salt Marsh on Cape Cod, MA, USA (Lackey and Lackey, 1961) . In this study, we continue where investigations ceased over 50 years ago, and integrate modern molecular techniques and biogeochemical analyses with a suite of specific methods on single-cell level to gain insights into the ecophysiological niche and adaptation of the Achromatium population to the salt marsh environment.
Materials and methods

Sampling
The Sippewissett Salt Marsh is located in Buzzards Bay near Falmouth (Cape Cod, MA, USA) and comprises several saltwater pools at low tide. One pool (N 41°34.548', W 70°38.388'; Figure 1a ) was sampled from June through August in 2012, 2013 and 2014 during low tide at mid-night and mid-day (details in Supplementary Information). All push cores and syringe cores were taken within an area of ca. 1 m 2 in the same pool. Push cores contained 2-5 mm of supernatant pool water, and remained open.
Microsensor measurements
Microsensors OX-100, H 2 S-100 and pH-100 were purchased from Unisense (Aarhus, Denmark), and calibrated according to the manufacturer's instructions. Using the software Sensor Trace Suite and a computer-controlled micromanipulator (Unisense), downcore profiles were measured starting at the surface of the overlying water that was not agitated to simulate near-in situ conditions. Total dissolved sulfide concentrations were calculated from sulfide and pH profiles using equation
, with pK 1 = 6.554 (Millero et al., 1988) . Three daytime and nighttime cores were sampled on six different dates. Each chemical gradient was profiled at least three times per core to calculate averages. Daytime cores were profiled immediately after return from the field, illuminated at 275 μmol photons m − 2 s − 1 . Night time cores were kept dark for ca. 6 h before profiled in the dark.
Cell counts
Three daytime and nighttime syringe cores were taken on six different days with cutoff 60 ml syringes. Sediment was collected in 2 mm intervals, corresponding to 1 ml sample volume. Samples were filtered through a 20 μm pore mesh, and Achromatium cells in the flow through were concentrated in a petri dish by rotation (Figure 1c ). Cells were counted using the stereomicroscope Discovery V20 (Zeiss, Oberkochen, Germany).
Staining and fluorescence microscopy
For 4',6-diamidino-2-phenylindole (DAPI) and fluorescein isothiocyanate (FITC) staining, cells were fixed in 2% formaldehyde, washed and incubated for 1 h at 22°C with DAPI (1 μg ml − 1 ) and FITC (0.1 mg ml − 1 ). For staining with Calcium Orange-5N AM and Calcium Green-1 (Molecular Probes, Eugene, OR, USA), unfixed washed cells were incubated in 2 μM dye and 0.04% Pluronic for 1 h at 22°C, and washed twice. All stained cells were mounted in a drop of marsh water on a microscope slide surrounded by tape to avoid crushing the cells with the cover slip, and viewed with a LSM 710 laser scanning microscope (Zeiss) using the 350, 488, 541 or 561 and 506 nm laser, respectively. system features a hard coupled Olympus (Center Valley, PA, USA) BX41 microscope, a 800 mm focal length astigmatic flat-field spectrograph and a multichannel air-cooled (−70°C) CCD detector with a 1024 × 256 pixels front illuminated chip. Individual spectra were recorded using a 100 × objective, a 600 grooves per mm grating and a 300 μm confocal hole diameter for 5 s and 3 accumulations between 100 and 1200 cm − 1 . The background was subtracted with the LabSpec 5 software (Horiba Scientific) and spectra were compared with the RRUFF Project's database for reference using the Crystal Sleuth (Laetsch and Downs, 2006) software application.
Scanning electron microscope/energy-dispersive X-ray spectrometer Washed cells were placed on specimen stubs in a drop of MilliQ water, dried at 37°C, rinsed with MilliQ and dried again. Cells were imaged with a Hitachi TM3030 (Clarksburg, MD, USA) scanning electron microscope. Elemental analysis of a selected area was performed with an integrated energydispersive X-ray spectrometer (Bruker Quantax 70, Harvard, MA, USA) with 15 keV beam energy, and a silicon drift detector with a 30 mm 2 area. Elements were quantified with the software Bruker Quantax 70. The beam penetration is ca. 5 μm into the outer shell of the Achromatium cell (details in Supplementary Information). Net Ca and S signals per image thus give a relative indication of the amount of S versus Ca within the~5 μm-thick penetration depth. The sum of net amounts of Ca and S were normalized to 100%; average percentages of the individual compounds and s.d. values were calculated across all images from the same sediment depth and time of day. The calcium/sulfur (Ca/S) ratios were determined from these values.
16S rRNA gene analysis A single, washed Achromatium cell was subjected to whole-genome multiple displacement amplification using the illustra Genomi Phi Amplification kit (GE Healthcare Life Sciences, Pittsburgh, PA, USA). The 16S ribosomal RNA (rRNA) gene of the amplicon was retrieved using 1 μM final concentration of universal primers 27F and 1492R (Lane, 1991) , 1 × GoTaqFlexi buffer (Promega, Madison, WI, USA), 2.5 mM MgCl 2 , 0.2 mM of each dNTP and 0.25 U GoTaq DNA polymerase. The PCR protocol was: 94°C for 2 min; 25 cycles of 94°C for 30 s, 50°C for 30 s, 72°C for 1 min; and 72°C for 5 min. The PCR product was cloned using the TopoTA cloning kit following the manufacturer's instructions (Life Technologies, Grand Island, NY, USA), sequenced via Sanger sequencing and submitted to the EMBL/EBI/ DDBJ databases under accession number HG934343.
For bulk community analysis, the upper 2 cm of the Achromatium-rich sediment core were filtered through a 20 μm mesh before 4 ml of settled particles were pelleted via centrifugation and transferred to bead tubes of the PowerSoil DNA Isolation kit (MoBio, Carlsbad, CA, USA). In parallel,~200 Achromatium cells were washed and used for DNA extraction with a standard phenol/chloroform extraction protocol (Sambrook and Russel, 2006) . The amplification reaction of 16S rRNA genes contained 10 to 50 ng DNA of sediment community or Achromatium cell mixture, 1 × Phusion HF MasterMix (New England Biolabs, Ipswich, MA, USA), 8% dimethyl sulfoxide, 25 μM universal reverse primer 907R and 6.25 μM barcoded universal forward primer 515F. The PCR protocol was: 98°C for 1 min; 10 cycles of 98°C for 5 s, 68°C for 10 s, 72°C for 7 s; 12 cycles of 98°C for 5 s, 58°C for 10 s, 72°C for 7 s; 10 cycles of 98°C for 5 s and 72°C for 21 s. PCR products were sequenced using 454/Roche's pyrosequencing platform (Branford, CT, USA), analyzed with QIIME (Caporaso et al., 2010) where taxonomic classification used the Ribosomal Database Project as reference (Cole et al., 2005) , and submitted to the EMBL/EBI/DDBJ databases under the Bio Project ID PRJNA251325.
Tree reconstruction
The 16S rRNA gene sequences between nucleotide positions 252-1487 (Escherichia coli numbering) of the Achromatiaceae and related Gammaproteo bacteria were used for maximum likelihood tree reconstruction with the Silva database release 102 (Pruesse et al., 2007; Quast et al., 2013) and the Arb software package (Ludwig et al., 2004) . Bootstraps analysis included 1000 runs. Partial sequences from pyrosequencing were added to the tree with parsimony criteria without allowing changes in the tree topology. Branches with o50% confidence were manually revised by creating multifurcations.
Catalyzed reporter deposition/fluorescence in situ hybridization Specific probe design was done in Arb (Ludwig et al., 2004) and tested for specificity using RDP and EMBL databases. The horseradish peroxidase-conjugated probe Achr819, 5'-CCTAACAGCTAGTCGACA-3', was purchased from Biomers (Ulm, Germany). Washed Achromatium cells were fixed in 2% formaldehyde, dried on poly-L-lysine-coated glass slides (Thermo Scientific, Waltham, MA, USA) and sprayed with 0.4% agarose. Hybridization was performed following published guidelines (Pernthaler et al., 2002) using horseradish peroxidase-conjugated probes EUB338 (Amann et al., 1990) and GAM42a with unconjugated competitor BET42a (Manz et al., 1992) as positive, and conjugated NON338 (Wallner et al., 1993) as negative control. Probe Achr819 was used at 100 ng μl − 1 with helpers (5'-CCCAGGCGGTCGACTTA-3', and 5'-CGCCA CTAARCCCTTAR-3'; Fuchs et al., 2000) . Hybridization occurred at up to 25% formamide.
Results
Description of the site
The Sippewissett Salt Marsh is influenced by the tides and contains several pools at low tide surrounded by dense growth of cordgrass (Spartina alterniflora) (Figure 1a) . At the bottom of the pools, a brown, liquid suspension of decomposing phytodetritus (ca. 8 cm deep) was lying on top of sandy ground (Figure 1b) . The phytodetritus layer contained high densities of conspicuous large pink aggregates composed of purple sulfur bacteria and sulfate-reducing bacteria (Seitz et al., 1993; Wilbanks et al., 2014) . The overlying water measured ∼ 1-2 cm during low tide and ca. 50 cm during high tide. The salinity fluctuated between 33 PSU at night and 38 PSU during the day in both the overlying water and sediment.
Geochemistry
The distribution of oxygen, hydrogen sulfide and pH varied among the cores investigated at the same times of day, but showed common trends (Figure 2) . In day cores, photosynthesis created oversaturated oxygen concentrations in the overlying water with peak concentrations close to the sediment surface (Figure 2a ). When profiled outdoors in full sunlight, Achromatium in salt marsh V Salman et al oversaturation could reach~1000 μM (data not shown). Within the first 2 mm of the sediment, the high oxygen concentrations declined steeply toward the detection limit. Oxygen concentrations in the overlying water of night cores gradually decreased toward the sediment surface, and met the detection limit at the sediment/water interface. Concentrations of total sulfide in the sediment fluctuated drastically between 0.5 and 2.5 mM (Figure 2b ). During the night, the sulfide gradients commonly reached the sediment surface, whereas in day cores sulfide was depleted at 2, 3 and 5 mm sediment depth.
The pH of night cores dropped from ca. 7.5 in the overlying water to ca. 7.0-7.3 in the sediment (Figure 2c ). During the day, the profiles fluctuated considerably, with the core showing highest photosynthetic activity (core 3) having highest pH values in the overlying water (pH o8.8) resulting from CO 2 consumption during photosynthesis (Revsbech et al., 1983; Des Marais et al., 1989) . In the sediment, pH decreased to pH 6-7 as typical for anaerobic carbonate-buffered sediments (Soetaert et al., 2007) .
The marsh-dwelling Achromatium In the upper 3 cm of the tide pool sediment we observed large white bacteria that were rod-shaped or spherical (Figure 1d ). The average size was 20 × 26 μm (n = 135), with the smallest cell measuring 10 × 17 μm and the largest 27 × 38 μm. Division stages included cells with a thin constriction 'tube' between two spherical cells (Figures 1d and h ), and cells with a flat division plane between two semispherical cells (Figure 1i and Supplementary Figure S1A ).
Some cells seemed to have an external sheath with attached rod-shaped (Supplementary Figure S1B) or filamentous (Supplementary Figure S1C) bacteria that were previously interpreted as flagella for cellular movement (de Boer et al., 1971; La Rivière and Schmid, 1989) . However, as was noticed before (Head et al., 1996) and here, most cells lacked this coating and/or putative epibionts while still exhibiting a rolling motility, leaving the function of the coating open to interpretation (Head et al., 1996 (Head et al., , 2000 .
Most marsh-dwelling Achromatium cells occurred within the first centimeter of the phytodetritus sediment ( Figure 2d) ; cell numbers were as high as 1023 cells per ml sediment. During the day, the cells were concentrated within the upper 4 mm, whereas during the night they were more dispersed within the surficial 1.25 cm of the sediment and the sediment/water interface (Figure 2d ).
Cell inclusions
Light microscopy showed that cells were filled with large globules (4-5 μm in diameter), occupying most of the cell interior, and with small granules (1-1.5 μm) in the interstitial space (Figures 1d and e) . Confocal Raman spectroscopy revealed that the large inclusions consisted of calcite (CaCO 3 ), and that native sulfur (S 8 ) filled the interstitial space (Figure 3a) . The large calcite granules disintegrated when cells were exposed to acidified seawater (pH ⩽ 5), leaving small inclusions in most cases (Figure 3d .2). Raman spectroscopy on acid-treated cells gave in some but not all cases the specific signal for S 8 sulfur (data not shown). When treated with 80% ethanol or pure methanol the small inclusions disintegrated (Figure 3d.3) . Staining with the lowaffinity dye Calcium Orange-5N, with a detection range between 1 and 50 mM free Ca 2+ (K d = 20 μM) (Zhao et al., 1996; Naraghi, 1997) , revealed a third type of inclusion. These small, Ca 2+ -enriched bodies were also situated in the interstitial space between the large calcite inclusions (Figure 3e) , and still stained positive in acid-treated cells (data not shown), suggesting that they are not calcite. Applying the high-affinity dye Calcium Green-1, which detects free Ca 2+ between 0.04 and 40 μM (K d = 190 nM) (Eberhard and Erne, 1991; Lakowicz et al., 1992; Sanders et al., 1994) , also stained the small Ca 2+ -enriched bodies, but in addition stained the periphery of the large calcite inclusions (Figure 3f ). Fluorescein isothiocyanate stained the cytoplasm as thin layers between the granules (Figure 1g and Supplementary Figure S1A) . A single, large internal vacuole, which is typical for large sulfur bacteria of the sister family Beggiatoaceae (Maier and Gallardo, 1984; Nelson et al., 1989; Salman et al., 2013) , was never observed. DAPI-staining revealed an even distribution of DNA across the cytoplasm (Figure 1f ) that formed numerous nucleoid-like aggregates in dried cells (Figure 3g .2).
Scanning electron microscope imaging and light microscopy of Achromatium cells revealed a decrease in visible large calcite granules with depth. Cells from the sediment surface were usually tightly filled ( Figure  3b .1), whereas cells at 3-4 cm depth usually contained only small inclusions (Figure 3c .1). This trend was also observed in freshwater Achromatium populations (Lauterborn, 1915; Babenzien, 1991) . Energy-dispersive X-ray spectrometer elemental analysis of individual cells showed a successive increase in sulfur deposition with depth (Figures 2e, 3b and c and Supplementary Table S1 ). This trend was particularly pronounced in cells collected during the day where measurable calcium dropped from 99% to 60%, and sulfur increased from 0.7% to 40% with depth (Supplementary Table S1 ). At night, cells had a generally lower Ca/S ratio but showed the same downcore trend ( Figure 2e) ; we detected 88% Ca versus 12% S at 1 cm and 2% Ca versus 98% S at 3 cm.
As previously described, extended exposure in oxic sea water or on a microscope slide caused all types of inclusions to fade, which was attributed to sulfur oxidation to sulfate with resulting acidification of the medium and dissolution of the calcite inclusions (West and Griffiths, 1913; Starr and Skerman, 1965) .
Phylogenetic identification
The full-length 16S rRNA gene sequence from a single, calcite-accumulating cell revealed its affiliation to the Achromatium genus (91.2-93.8% sequence identity), and was most similar to cluster A (Figure 4a) , one of the two previously assigned Achromatium clusters (Glöckner et al., 1999; Gray et al., 1999b) . The new sequence lacked helix 38 in the V6 region (Figure 4b and Supplementary Figure  S2 ), which is a designated feature of cluster A Achromatium phylotypes (Glöckner et al., 1999; Gray et al., 1999b) .
Pyrosequencing of partial 16S rRNA genes from a mix of ca. 200 hand-picked Achromatium cells and associated bacteria yielded 8666 reads, of which 151 were 99.5-100% identical and affiliated with the Achromatiaceae. They were 95% identical to the full-length marsh Achromatium sequence. Together, these sequences formed a distinct monophyletic cluster of salt marsh Achromatium (Figure 4a) .
In situ hybridization with a probe designed specifically for the salt marsh Achromatium branch confirmed the presence of the marsh Achromatium rRNA in 47 ± 8% of calcite-accumulating cells collected from the Sippewissett Salt Marsh (n = 632; Figure 3g ). Hybridizations with the general bacterial probe EUB338 (n = 310) and with the nonsense probe Non338 (n = 306) stained 85 ± 13% and 0% of all calcite-accumulating cells, respectively. Dominant phylotypes in the sequencing result of washed Achromatium cells were Alteromonadales (16.4%), Oceanospirillales (12.9%), Flavobacteria (11.1%), Vibrionales (3.88%), and Desulfovibrionales (0.6%) (Supplementary Table S2 ). The abundances of these phylotypes in the sediment libraries were much lower (between 2.2% and 0.2%, Supplementary Table S2) , and may represent putative epibionts of Achromatium.
Community analysis
Partial 16S rRNA gene sequencing of bulk DNA from the sediment-associated community in the upper 2 cm revealed a dominance of bacteria associated with sulfur cycling in marine environments (Supplementary Table S2 ). Both sediment layers were dominated by Proteobacteria (54.7% and 43.3%), most significantly Gammaproteobacteria (32.3% and 20.5%), including anoxygenic phototrophs of the Chromatiaceae, and Deltaproteo bacteria (12.4% and 16.4%), including strictly anaerobic sulfate reducers of the Desulfobacteraceae.
Discussion
Identification of Achromatium
The population of calcite-accumulating sulfur bacteria in the Sippewissett Salt Marsh phylogenetically affiliates with the genus Achromatium, forming a novel monophyletic group within the family Achromatiaceae (Figure 4) . These marshdwelling Achromatium share typical morphological Figure 4 Phylogenetic tree of the Achromatiaceae and related Gammaproteobacteria based on nearly full-length 16S rRNA gene sequences (a). Helix 38 is missing in the V6 region of Sippewissett Achromatium (positions 1024 to 1036, E. coli numbering) (b), as in other phylotypes affiliated with cluster A (Glöckner et al., 1999; Gray et al., 1999b) . characteristics with freshwater Achromatium, including cell size, storage compounds, motility and sheathing (Schewiakoff, 1892; Van Niel, 1948; de Boer et al., 1971; Head et al., 1996; Glöckner et al., 1999; Gray and Head, 1999; Head et al., 2000) . Consequently, the ability to accumulate calcite is not restricted to freshwater or brackish Achromatiaceae. Additional data from this family could lead to a reclassification of the species A. oxaliferum in the future as this species designation currently extends to both clusters A and B (Gray and Head, 2014) , whereas cluster B also contains the candidate species 'Achromatium minus' (Glöckner et al., 1999; Gray et al., 1999b) . Based on the level of 16S rRNA gene divergence of marsh Achromatium to all other members of the family (46% 16S rRNA gene sequence difference), and their stable adaptation to a substantially different habitat, we propose a new candidatus designation for the marsh-dwelling Achromatium 16 S rRNA genes retrieved here, and suggest 'Candidatus Achromatium palustre' (Figure 4 ; according to Murray and Schleifer, 1994) . However, only 47% of collected Achromatium cells hybridized with the probe designed specifically for this cluster, whereas nearly all tested cells stained with the general bacterial probe (Figure 3g) . We conclude that approximately half of the Achromatium population in Sippewissett is composed of the new candidate group, and the remainder of the cells belongs to one or several other Achromatium phylotype(s).
Previous studies showed that natural communities of freshwater Achromatium contain morphologically and genetically distinct subpopulations (7-9% 16S rRNA gene sequence divergence) that can be linked to their position in the sediment and their specific adaptation to location-specific redox conditions (Glöckner et al., 1999; Gray et al., 1999a Gray et al., , b, 2004 . Sippewissett Achromatium 16S rRNA gene sequences differ by up to 4.8%; however, specific niche differentiation of putative subpopulations along salinity or redox gradients require further investigation.
The marsh habitat and ecophysiological implications for Achromatium In some aspects, the environmental niche of Sippewissett Achromatium resembles settings described for freshwater populations; that is, opposing gradients of sulfide and oxygen, oversaturation of oxygen during the day at the shallow sediment/water interface and possible movement of Achromatium between aerobic and anaerobic zones (Babenzien, 1991; Babenzien and Sass, 1996; Gray et al., 1997 Gray et al., , 1999b . In other aspects, the salt marsh creates a substantially different habitat. High ambient seawater sulfate concentrations of~28 mM fuel extensive sulfate reduction, leading to high sulfide concentrations in the sediments, that is, several millimoles per liter in Sippewissett (Figure 2b) . The very active and dynamic sulfur cycling in Sippewissett is reflected by overall high total sulfide concentrations and high core-to-core fluctuations of total sulfide (Figure 2b ), as well as by the high abundance of sulfur-cycling microorganisms (Wilbanks et al., 2014, Supplementary Table S2) . This sulfide pool provides a substantial reservoir of electron donor for the sulfide-oxidizing community, including pink consortia (Seitz et al., 1993; Wilbanks et al., 2014) and Achromatium, while also being toxic at certain concentrations. Sippewissett Achromatium take part in the sedimentary sulfur cycle by storing zerovalent sulfur in the form of S 8 sulfur (Figure 3a ) that is most likely produced during the oxidation of sulfide in anoxic regions of the sediment, as the amount of intracellular sulfur increases with depth (Figures 2e and 3c) . Closer to the surface, and especially when oxygen is produced here during the day, Ca/S ratios per cell increase, with cells being nearly depleted in sulfur in highly oxic surface layers (Figures 2e and 3b) . Similar findings were reported for freshwater Achromatium (Gray et al., 1999a) . These results indicate a physiological link between calcite globules and oxygen. Furthermore, salt marsh Achromatium may have a high oxygen tolerance, as most cells were situated in layers that were significantly elevated in oxygen, and free of sulfide (Figure 2 ). Complete oxidation of sulfur to sulfate in Achromatium may thus occur in fully oxic layers in the salt marsh, and in hypoxic layers in freshwater (Gray et al., 1997) .
In anaerobic regions of the sediment, nitrate can be potentially used as electron acceptor by freshwater Achromatium (Gray et al., 1997 (Gray et al., , 2004 Gray and Head, 1999) . Respiration of intracellular sulfur was also proposed, but not tested (Head et al., 2000) , and was described as an anaerobic survival strategy for two Beggiatoa strains (Nelson and Castenholz, 1981; Schwedt et al., 2011) . A third potential reservoir of electron acceptor in anaerobic salt marsh sediments could be solid-phase and porewater zerovalent sulfur (ca. 500 μM S 0 , Zopfi et al., 2004) . During daytime/illumination, freshwater Achromatium migrate downward into the sediment column; they are expected to follow the retreating sulfide horizon and/or to avoid elevated oxygen concentrations (Gray et al., 1997; Head et al., 2000) . Population migration dynamics in marsh Achromatium, however, show persistence in the top 4 mm during the day, suggesting oxygen tolerance or even an aerobic metabolism. Here, increasing oxygen penetration and a retreating sulfide horizon during the day could provide a break from high sulfide exposure at night, and present opportunity to aerobically oxidize intracellular sulfur to sulfate. Consistent with this interpretation, cells are drastically depleted in sulfur toward the surface during the day, whereas cells sampled at night contain significantly more sulfur (Figure 2e ). The physiological balancing act between the supply of the electron donor sulfide and lethal levels in the marsh sediments might also be reflected in the relatively Achromatium in salt marsh V Salman et al low cell densities of Achromatium in Sippewissett (10 2 -10 3 cells per ml) as compared with freshwater populations with 10 3 -10 5 cells per ml (Head et al., 1996 , Gray et al., 1997 . The observation that Achromatium populations dynamically store and release intracellular sulfur and calcite as well as have the ability to migrate dramatically in space within a few hours (Gray et al., 1997 (Gray et al., , 1999a can now be extended to salt marsh populations.
The formation of calcite Transmission electron microscopy images of thin sections of calcite granules in Achromatium show an electron-dense central nucleation point, a laminated structure of granules and a possible membrane surrounding each granule (Head et al., 2000) . Internal calcite is suggested to be colloidal instead of crystalline (West and Griffiths, 1913) , and X-ray diffraction data (Head et al., 1995) imply that deposition is under strict biological control (Gray, 2006) . Labeling experiments demonstrate that Achromatium accumulate new intracellular calcite within a few hours (Head et al., 1996; Gray et al., 1999a) . Altogether, calcite formation is a rapid and dynamic biological process (Gray, 2006) .
In this study, specific staining of free Ca 2+ provides evidence that apart from large calcite and small sulfur compartments, Achromatium may contain a third, calcium-rich compartment (Figures 3e and f) . Cells from greater sediment depths show no visual evidence of large calcite inclusions, but yield calcium signals in energy-dispersive X-ray spectrometer, possibly resulting from the novel, small-scale calcium inclusions reported here (Figure 3c .2 and Supplementary Table S1). We hypothesize that these provide reservoirs of Ca 2+ ions to allow controlled precipitation of calcite. If they resemble early developmental stages of the large calcite-containing granules, they may be surrounded by a membrane (de Boer et al., 1971; Head et al., 2000) that could enable a directed transport of CO 3 2 − /H + /OH − to specifically localize calcite formation or dissolution as a consequence of pH change. It was suggested that Achromatium has active Ca 2+ transport mechanisms (Head et al., 2000) , but energetically expensive transmembrane transport could be minimized by maintaining an intracellular Ca 2+ reservoir. Staining free Ca 2+ at the outermost rim of large calcite inclusions (Figure 3f ) implies that calcite is forming and dissolving at the periphery of inclusions, as suggested before (Head et al., 2000; Gray, 2006) .
Previous theories about the biological function of intracellular calcite in Achromatium were based on biogeochemical characteristics of freshwater habitats. We address these hypotheses in the Supplementary Information, but elaborate here the hypothesis we rank as most plausible, that is, calcite is an effective buffer and can act against locally fluctuating pH conditions during sulfide/sulfur oxidation (modified from La Rivière and Schmid, 1992) . This hypothesis may be valid for freshwater and marine Achromatium, and takes into account the extraordinary cell biology of large bacteria. Other large sulfur-oxidizing bacteria (for example, Thiomargarita) contain intracellular vacuoles to increase surface-to-volume ratios and overcome diffusion limitation (Schulz and Jørgensen, 2001) . In these bacteria, local intracellular alkalinity/acidification during sulfide/sulfur oxidation may be avoided by discharging solutes efficiently from the o2 μm thin cytoplasm (based on Schulz and Jørgensen, 2001) . Protons generated in the cytoplasm could also be pumped into the vacuole for use in antiporter-mediated nitrate accumulation (Mussmann et al., 2007) . Accordingly, limited H + /OH − exchange in large, unvacuolated Achromatium cells would lead to drastic pH changes in the cytoplasm during sulfide/ sulfur oxidation, but strongly buffering storage compounds such as calcite would provide an effective physiological response. We propose that calcite accumulation is directly coupled to the oxidation of sulfide to elemental sulfur, whereas calcite dissolution is a consequence of sulfur oxidation to sulfate (Supplementary Figure S3) . The protons to be consumed in the first half reaction (Supplementary Equations S1-S3) could be supplied by bicarbonate with the consequence of calcite precipitation from CO 3 2 − and Ca 2+ (Supplementary Equation S4 and Supplementary Figure S3 , bottom). In the second half reaction, protons are released (Supplementary Equations S5-S7) that dissolve calcite, and carbonate can buffer the acidity-forming bicarbonate (Supplementary Equation S8 and Supplementary Figure S3, top) . This implies that Achromatium require calcite only when producing protons from sulfur oxidation, which is the case during the day in oxygenated layers of the sediment, and could thus explain why there is such a drastic increase in visible large CaCO 3 inclusions in cells collected at the surface during the day (Figures 2e and 3b) .
Measurements of total Ca in freshwater sediments showed a positive correlation with Achromatium cell numbers (Head et al., 2000) . If freshwater Achromatium also contain the Ca 2+ -rich reservoirs reported here, these intracellular Ca measurements would include CaCO 3 and Ca 2+ . In this light, a given cell may always contain more or less the same amount of calcium that oscillates between the solidstate CaCO 3 form and the dissolved Ca 2+ ion. The sulfur content, however, may change drastically when the cell migrates between different redox conditions, where it may, for example, perform pHneutral sulfur respiration. In conclusion, calcite may have similar dynamics and/or may serve similar functions in freshwater and marine Achromatium populations.
Conclusion
The salt marsh habitat creates a substantially different geochemical realm for Achromatium-highly sulfidic sediment is opposed by oxygen supersaturation at the surface during the day, providing a temporary sulfide-free zone for putative sulfide-stressed Achromatium. Salt marsh Achromatium persist at this oxic layer, in contrast to freshwater Achromatium. Calcite in these large, diffusion-limited bacteria could function as internal buffer to regulate the surplus or deficit of H + and OH − in dynamic habitats such as sediments. Calcite precipitation may be initiated in intracellular compartments that contain free Ca 2+ ions. Future studies on adaptation and intracellular calcite dynamics in uncultured marine and freshwater Achromatium populations may include analyses and comparisons of metagenomes, -proteomes and -transcriptomes.
